The relationship between subunit molecular weight and heterozygosity was studied in six different groups of organisms, i.e., 9 species of primates, 32 species of rodents, 56 species of reptiles, 12 species of salamanders, 64 species of teleost fishes, and 29 species of Drosophila. The correlation coefficient between them was positive in all groups, and the magnitude of correlation was roughly in agreement with the theoretical expectation under the mutation-drift hypothesis when the incomplete correlation between molecular weight and mutation rate was taken into account. Furthermore, the correlation was higher when the average heterozygosity was high than when this was low, as theoretically expected. Despite a decade of intensive study, the mechanism of maintenance of protein polymorphism in natural populations still remains controversial (1, 2). Recently, a number of authors studied the relationship between protein structure and the degree of genetic polymorphism, i.e., heterozygosity. It now seems clear that monomeric proteins show, on the average, a higher level of heterozygosity than multimeric proteins (3-6). This is presumably due to the fact that the functional constraint of protein is greater for multimers than for monomers because of the need of proper intersubunit interactions. This is in turn consistent with the neutral mutation or mutation-drift hypothesis (7), in which the functional constraint is supposed to reduce heterozygosity (8) .
In this paper we shall be mainly concerned with the squared correlation of molecular weight and single-locus heterozygosity or the proportion of the variance of heterozygosity that is explainable by variation of subunit molecular weight, following Koehn and Eanes (9) . The theoretical value of this proportion under the mutation-drift hypothesis may be obtained by the method of Nei et al. (10) , if we assume that the mutation rate for a locus is proportional to the molecular weight of the polypeptide produced. Our earlier studies (10) (11) (12) (13) have suggested that the mutation rate per locus is distributed approximately as a gamma distribution with the coefficient of variation of 1. If we accept this distribution, the total variance of single-locus heterozygosity [Vt(h)] can easily be decomposed into the components due to variation of molecular weight [Vm(h)] and random genetic drift [Vd(h)]. The first component happens to be identical with the covariance of heterozygosity between two independent populations, Cov[jx(co),jy(oo)], studied by Chakraborty et al. (13) , whereas the total variance has been evaluated by Nei et al. (10) and Chakraborty et al. (13) for the infinite-allele model and the stepwise mutation model of neutral mutations, respectively. Numerical values of the ratio of Vm(h) to Vt(h) thus obtained are given in Fig. 1 (theoretical curves) in relation to average heterozygosity. It is clear from this figure that this proportion is more or less the same for the two models of neutral mutation and increases as the average heterozygosity increases. Thus, it is easier to detect the correlation between molecular weight and heterozygosity in an organism with high average heterozygosity than in an organism with low average heterozygosity if the number of loci used is the same. In other words, if the average heterozygosity of an organism is low, the correlation between molecular weight and single-locus heterozygosity cannot be detected easily, even if the number of loci studied is rather large.
If we use a model of linear regression between molecular weight (m) and heterozygosity (h), the proportion of variance of heterozygosity attributable to variation of molecular weight can be estimated by the square of the correlation coefficient (r) between m and h. Strictly speaking, however, the relation between m and h under the mutation-drift hypothesis is not linear even if the mutation rate is proportional to molecular weight. In fact, when the mutation rate per generation is v and the effective population size is Ne, the expected heterozygosity is given by 4Nev/(l + 4NeV) for the infinite-allele model (7) and 1 -(1 + 8Nev)-/2 for the stepwise mutation model (14) . Therefore, only when 4NeV is much smaller than 1 is the expected heterozygosity approximately linear with mutation rate. In practice, 4Nev seems to be generally much smaller than 1; our study (11, 12) suggests that even in Drosophila, in which the average heterozygosity is often as high as 0.2, the 4NeV value is considerably smaller than 1 in the majority of protein loci. At any rate, it should be noted that because of the nonlinear 3359 The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
relationship between m and h the squared correlation (r2) is expected to be somewhat smaller than the proportion of the variance attributable to molecular weight variation.
There is another factor that would contribute to the discrepancy between r2 and Vm(h)/Vt(h); it is the incomplete correlation between mutation rate and molecular weight. In fact, this seems to be more serious than the factor mentioned above. Since the degree of functional constraint greatly varies with protein even if the number of constituent amino acids is nearly the same (15), the rate of nondeleterious mutations contributing to polymorphism cannot be strictly proportional to molecular weight. Unfortunately, the exact correlation between these two quantities is not known at the present time.
However, if we assume that the mutation-drift hypothesis is correct, this correlation can be estimated from data on amino acid substitution in protein in evolution, since under this hypothesis the mutation rate is equal to the rate of amino acid substitution. Using 19 proteins, Nei et al. (10) Vm(h)/Vt(h). Theoretically, if the correlation between heterozygosity and mutation rate is rh, and that between mutation rate and molecular weight is ram then the correlation between heterozygosity and molecular weight (r) is given by r = rhvr..
Therefore, if ram = 0.5, our r2 is expected to be about 1/4 of
Surveying the literature, we collected gene frequency data for protein loci from 9 species of primates, 32 species of rodents, 56 species of reptiles, 12 species of salamanders, 64 species of teleost fishes, and 29 species of Drosophila. We then computed the single-locus heterozygosity for all loci. The number of protein loci used for a single species was 10 or larger. Data on molecular weights for Drosophila were taken from those compiled by Koehn and Eanes (9), whereas we used human molecular weights for all vertebrate species (18) since there were not enough data for other vertebrates. It is known that the molecular weight of a given protein is generally very similar for all vertebrates (19, 20) . When there are duplicate loci for the same protein but a single measurement of molecular weight is available, we assumed that all polypeptides produced by the duplicate loci have the same molecular weight. This should not introduce a serious error, since the differences in molecular weight among such duplicate loci are again known to be generally small (20) . The proteins used here were mostly dimers and monomers, but included some trimers and tetramers.
We used these proteins collectively for our analysis, since our earlier studies on the variances of heterozygosity and genetic distance suggested that the mutation rate follows the gamma distribution when all sorts of proteins are used. Note also that there is no apparent relationship between subunit molecular weight and the number of subunits per protein (5) . However, to see the effect of quaternary structures, we have done a separate analysis for dimers alone.
it is known that the distribution of single-locus heterozygosity is inversel-shaped and has a large variance (11, 12) . Therefore, to get a reliable estimate of the proportion of variance attrib- utable to molecular weight variation [Vm(h)/Vt(h)I, a large number of loci must be used. If the number of loci is small, the observed value (r2) is expected to be scattered around the theoretical value. The fact that this is exactly the case is seen from Fig. 1 , where the r2 values for 29 species of Drosophila are given in relation to the average heterozygosity. The number of protein loci used for a species in this case is 10-17, depending on the number of duplicate loci included. (The number of proteins used was 10 or 11.) In all species except the four designated by triangles the correlation between m and h was positive. Fig. 1 shows that data from a single species are not reliable for this type of study unless a large number of loci are used. In the present study, therefore, we pooled data from different species and computed a single r2 value for each of the six groups of organisms. In this computation we first conducted a two-way analysis of variance of single-locus heterozygosity ("species" and "proteins") and eliminated the variance due to "species," which would reflect the effect of differences in population size. The variance due to "proteins" was then split into the variance due to the regression on molecular weight (the squared covariance between molecular weight and average heterozygosity for a protein over species divided by the variance of molecular weight) and the remainder. The ratio of the "regression variance" to the total variance after elimination of the "species variance" provided an estimate of pooled r2. The pooled correlation coefficient (r) was obtained by taking the Significant at the 1% level. The number of degrees of freedom for the correlation for "single-locus heterozygosity" is given by the total number of loci minus the number of species used, whereas the number for the correlation for "average heterozygosity over species" is the number of proteins used minus 2. § Significant at the 5% level.
fishes are somewhat lower than those for other vertebrates. It is possible that the human molecular weights are not necearily appropriate for these organisms. The presence of a large number of duplicate loci in these organisms also might have contributed to reducing the correlation to some extent.
In Fig. 2 r2 is considerably lower than the theoretical expectation obtained under the assumption that the mutation rate is proportional to molecular weight; it is about l/8-l/2 of the latter, depending on the group of organisms. As mentioned earlier, however, the assumption of linear relationship between molecular weight and mutation rate is certainly incorrect, and thus these lower values are not inconsistent with the mutation-drift hypothesis. In fact, if our estimate of correlation (ran = 0.5) between mutation rate and molecular weight applies to those proteins that are used for electrophoresis, the agreement between theory and data seems to be quite satisfactory. Of course, the number of proteins used here is rather small, so that the detailed comparison of theory and data is not very meaningful.
It is noted that the average heterozygosities for vertebrates are more or less the same and are about 0.05, whereas the average heterozygosity for the Drosophila species is 0.16. Thus, under the mutation-drift hypothesis we would expect that r2 is higher for Drosophila than for vertebrates. This expectation is clearly met in our data analysis.
As mentioned earlier, Harris et al. (5) did not find any significant difference in molecular weight between monomorphic and polymorphic loci in human beings. We therefore computed the correlation between m and h for human beings alone. Since they did not publish gene frequency data, we had to use their earlier data (21) for 43 enzyme loci from Caucasians, from which data for 5 loci (ICD-M, GUA, PEP-S, NAGAA, and NAGAB) were eliminated because of the lack of information on molecular weight. The correlation coefficient obtained was -0.005. We also computed the correlation coefficient using Ferrell et al.'s (22) data for 23 protein loci, which were obtained from the Japanese population. The value of r was 0.016. Whether or not these values are significantly different from the expected value of the mutation-drift hypothesis can be studied if we assume that ran = 0. 5 between the observed and theoretical correlations would have been statistically significant at the 5% level. Therefore, it is still possible that the correlation in human beings is unduly low. In this connection it should be noted that the comparison of average molecular weight between monomorphic and polymorphic loci is not a powerful test of the mutation-drift hypothesis (unpublished results).
Earlier we indicated that single-locus heterozygosity has a large variance due to random genetic drift. If this is the main reason for the low correlation between molecular weight and single-locus heterozygosity, we would expect that the correlation between molecular weight and average heterozygosity for each protein over many species is much higher than the correlation with single-locus heterozygosity. We have therefore computed this correlation. The results obtained are given in the column of "average heterozygosity over species" in Table 1 . It is clear that this correlation is in fact much higher than the correlation with single-locus heterozygosity, though some of them are not statistically significant because of the small number of degrees of freedom available. Thus, this result supports the idea that the relatively low correlation between molecular weight and single-locus heterozygosity is largely due to random genetic drift aside from the effect of incomplete correlation between molecular weight and mutation rate.
One might criticize that in our data analysis proteins of different quaternary structures were mixed despite the fact that the heterozygosity is known to be affected by the number of protein subunits. To see the effect of this factor, we studied the correlation between subunit molecular weight and heterozygosity for dimers alone. The results obtained are given in Table 2 . It is clear that the magnitudes of correlations are more or less the same as those in Table 1 .
The present study clearly shows that there is a positive correlation between subunit molecular weight and heterozygosity in many different groups of organisms and supports Koehn and Eanes' (6, 9) contention that subunit molecular weight is an important factor for determining the level of protein polymorphism. We have also shown that the magnitude of correlation is in agreement with what is expected under the mutation-drift hypothesis. It should be remembered, however, that the number of proteins used in this study is still relatively small and the positive correlation itself can be explained by other hypotheses than the mutation-drift hypothesis. To understand the mechanism of maintenance of protein polymorphism, we must examine many other properties of genetic variability simultaneously, as emphasized by Fuerst et al. (12) .
